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I. INTRODUCTION

E
MERGING technologies in bioelectronics, particularly those related to neuroprosthetic devices, have the potential to significantly improve patients' quality of life. Equally important are the tools that allow neuroscientists to conduct basic science experiments in neurophysiology research on animal models to understand the underlying principles behind operation of the nervous system, its maladies, and possible therapies, such as deep brain stimulation, for which has shown significant clinical outcomes in treatment of Parkinson's disease, tremor, and other movement disorders [1] - [3] . Another example is electrophysiological research to explore how the circuitry of the hippocampus supports memory [4] . Diseases that target the hippocampus, such as dementia and Alzheimer's, are rapidly growing in the aging industrial societies and understanding fundamentals of the healthy hippocampal memory system will be crucial for finding the causes and potential remedies for such memory disorders.
A key objective has been increasing the number of simultaneously recorded channels while minimizing damage to the neural tissue, degradation in the quality of the recorded neural signals, or biasing the natural animal behavior [5] - [12] . A related goal has been to design and develop high channel count wireless neural recording systems with potential clinical applications, such as brain-computer interfacing (BCI) for people with high level disabilities and amputees [13] - [15] .
The majority of the research on wireless neural recording has so far been focused on the high density recording front ends and transmitting (Tx) side of the system, where the main challenges are miniaturization, low power consumption, and low noise to the extent that the Tx side can eventually be implanted in the animal or human body. However, in a complete wireless data acquisition system, additional components including antennas across the wireless link, external receiver (Rx), computer interface, postprocessing, data storage, and graphical user interface (GUI) should all support the Tx unit for the entire system to operate smoothly without losing information that is important for further processing of the neural signals.
Some of the major challenges in designing the Rx side are bandwidth, sensitivity, coverage of the experimental arena without leaving blind spots, and continuous streaming of the acquired data to the computer without any signal loss. In some early designs, analog samples were amplified, filtered, and directly fed into a voltage-controlled oscillator (VCO) on the Tx side to be frequency modulated (FM) after time-division multiplexing (TDM) [6] . On the Rx side, commercial FM receivers, such as the WinRadio (Melbourne, Australia) were employed. However, due to bandwidth limitation (∼150 kHz) on the Rx side, 0018 -9294/$31.00 © 2013 IEEE such systems suffered considerable crosstalk between channels, which also limited the number of channels to less than 10. Increasing the Rx bandwidth can alleviate these problems, as demonstrated in a 32-ch wireless neural recording system by Triangle BioSystems, Inc. (Durham, NC, USA), which operates at 3.2 GHz using a custom-designed Rx with 300 MHz bandwidth [16] . Another advantage of increasing the carrier frequency is reducing the size of the optimal antennas. However, such frequencies are not useful for implantable devices due to significant absorption of high-frequency electromagnetic fields in the tissue [17] .
Because of the previous limitations, most recent wireless neural recording systems have on-chip analog-to-digital converters (ADCs) on the Tx side followed by amplitude-shift keying (ASK), ON-/OFF-shift keying (OOK), frequency-shift keying (FSK), or phase-shift keying to transmit digital samples in the industrial-scientific-medical (ISM) band. The Hermes-D system, for instance, utilized an FSK scheme along with a 24-Mb/s custom-designed transceiver [18] . Rizk et al. used a commercial ASK/OOK transceiver at 1 Mb/s from RF Monolithics (Dallas, TX, USA) for their 96-ch system [19] , while Cheney et al. used a commercial 2.4-GHz FSK transceiver at 1 Mb/s from Nordic Semiconductor (Trondheim, Norway) for their 16-ch system [20] . High data rate digital systems require frequency stabilization components, such as crystals and phase-locked loops (PLL), to reduce the phase noise and ensure proper synchronization between Tx and Rx, which can increase the size and power consumption of the Tx. Conversely, systems with lower data rates, encounter issues related to a limited number of channels, a low sampling rate per channel (which is not suitable for single-unit recording), or challenges associated with extensive data reduction on the Tx side [11] , [21] .
Using ultrawideband (UWB) transceivers is quite attractive due to their high data rate, low multipath interference, low power consumption, and relatively simple circuitry on the Tx side. Chae et al. developed a 128-ch neural recording system operating at 3-5 GHz band [22] . They reported a maximum data rate of 90 Mb/s; however, neither separation between Tx-Rx nor coverage of the experimental space was reported. Greenwald et al. also developed a 16-ch neural monitoring system with a controllable pulse rate between 90 and 270 MHz band [23] . They also illustrated the functionality of the system in vivo. However, 1 Mb/s of data rate is insufficient for neural recording systems with high channel count. A UWB transceiver was developed by Neuralynx (Bozeman, MT, USA) for another 128-ch system, which offered 100 Mb/s of data rate supporting up to 18-bit resolution and 32 kSps for all channels [24] . However, the architecture of the Rx was not disclosed, and it is no longer available. In general, although UWB transceivers offer many advantages, this approach is prone to interference from other RF sources. Also, due to the widespread spectrum of the carrier-less short pulses, a long synchronization time is required to achieve lossless signal acquisition and tracking on the Rx side. Moreover, complex signal processing methods are necessary to recover data in noisy environments [25] .
Increasing the Tx-Rx distance for full coverage of the experimental arena regardless of the Tx position or orientation is a key requirement. Due to size limitations placed on power sources on the Tx side, this goal should ideally be achieved by consuming the least amount of power in the Tx RF block. The Tx antenna radiation pattern and its matching circuit also play a significant role. Here, the challenge is designing the most efficient and omnidirectional antenna within the limited Tx dimensions. The signal-to-noise ratio (SNR) on the Rx side may rapidly degrade to undetectable levels even at short distances if there are blind spots within the experimental arena due to multipath or high directionality of the Tx or Rx antennas. Robustness of the wireless link becomes even more important in systems with high channel count, in which low bit error rates are needed at tens of megabit per second. Constant movements of the Tx as the subject moves around the cage, resulting in the Tx antenna loading variations, and the absence of frequency stabilization components on the Tx are among other challenges.
Another key challenge that is often overlooked is the continuous, high throughput data transfer from the Rx to the computer for further processing, display, and storage in real time. For example, a 32-channel system with at least 20 kSps per channel and 16 bits/sample produces 10 Mb/s of raw data. The computer interfacing hardware and software should be designed to continuously acquire and store such data volumes in real time without any data loss or noticeable delay.
In the summary, these are the main requirements in designing the Rx side of wireless neural recording systems.
1) Compensating for size and power constraints on the Tx side, which prevent the use of complex frequency stabilization. 2) Wide bandwidth to support multiple channels without losing important neural signal information throughout the system. 3) Reliable coverage over the entire experimental arena without blind spots to compensate for movements of the Tx. 4) Robustness against interference from other RF sources. The following two sections describe how the Tx and Rx in the sixth generation of our wireless integrated neural recording (WINeR-6) architecture address the aforementioned challenges. Section IV shows the bench-top measurement results. Section V covers the behavioral in vivo testing results on a rat animal model, followed by the concluding remarks.
II. WINER-6 TRANSMITTER ARCHITECTURE
The WINeR-6 architecture is based on time-division multiplexing of pulse width modulated (TDM-PWM) signals [26] - [28] . It consists of a 32-channel wireless neural recording system on a chip on the Tx side and a custom-designed Rx, shown on the left and right sides of Fig. 1 , respectively. The overall design strategy has been to reduce the complexity of the Tx unit, where size and power are extremely limited, at the cost of adding to the complexity of the Rx unit.
Following amplification and filtering of the neural signals by an array of 32 low-noise amplifiers (LNA), the outputs are combined with four monitoring signals, including half of the rectifier output voltage V REC /2, bandgap reference V G , a temperaturedependent voltage V T , and V SS , to be fed into the PWM block. The PWM block consists of 36 rail-to-rail comparators that compare analog inputs with a triangular waveform, similar to the analog portion of a single-slope ADC, to generate 36 PWM signals, as described in [26] - [29] . In this step that is known as analog-to-time conversion (ATC), the information stored in the analog samples is converted to pulse width, and the pulses are multiplexed by a circular shift register (CSR). The TDM-PWM signal is a pseudodigital waveform with binary levels. Thus, it is more robust against interference compared to analog signals, and it can be easily transmitted after a binary RF modulation. Hence, in this architecture, there is no need to digitize the samples on the Tx side, which can be a power-and area-consuming process at high sampling rates. Moreover, wireless transmission of a high rate serial data bit stream at tens of megabit per second requires more accurate timing and synchronization between the Tx and Rx compared to a series of TDM-PWM pulses, which width can be precisely measured by a timer on the Rx side to recover the digitized data, in a step known as time-to-digital conversion (TDC) [30] .
To save power, the CSR turns ON each channel only for a short period before and during sampling. The comparator for each channel is also enabled only when that channel is being sampled. During each comparison, WINeR-6 chip is entirely quiet with no digital transition anywhere on the chip, reducing the substrate noise, pulse jitter, and dynamic power dissipation. The monitoring signals provide a unique and fairly stable pattern that can be used to indicate the beginning of each TDM-PWM frame on the Rx side, which is necessary for demultiplexing of 36 samples. Following TDM, there is a PWM masking block, which limits the minimum width of the high and low TDS-PWM pulses to ensure their accurate recovery on the Rx side.
The trimmed TDM-PWM signal drives a free-running hybrid VCO with an off-chip inductor, to be upconverted to a 428/441 MHz FSK signal. The FSK-TDM-PWM signal is then 11.4 dB amplified by a class-C RF power amplifier and transmitted by a loop antenna with 18 MHz bandwidth.
A more detailed description of the WINeR-6 Tx can be found in [27] .
III. WINER-6 RECEIVER AND COMPUTER INTERFACE
Resolution of the TDM-PWM-based WINeR-6 system is determined by the accuracy of the recovered pulse width. Higher Rx bandwidth corresponds with sharper pulse edges and lower pulse width error [28] . Thus, the WINeR-6 Rx needs high enough bandwidth to receive the FSK-TDM-PWM signal while providing an adequate resolution of more than 8 bits. Most commercially available ISM-band FSK receivers only provide up to 600 kHz bandwidth [31] , which is far below what is required for a neural recording system with data volume in the order of 10 Mb/s. Hence, we implemented a custom-designed Rx with 18 MHz bandwidth using commercially available off-the-shelf (COTS) components.
The WINeR-6 Rx block diagram, shown in Fig. 1 (b), has four major modules in addition to the antennas: RF front end, analog signal conditioning, field-programmable gate array (FPGA) including USB 2.0 interface, and digital-to-analog converter (DAC).
A. Yagi-Uda Antenna
Like other implantable medical devices, WINeR-6 Tx has a limited power budget for RF transmission to keep its overall power consumption down. At the same time, it was desired to provide coverage over large experimental arenas in the order of 2 × 2 m 2 without any blind spots. This specification required high Rx front-end sensitivity and high-gain Rx antennas. A Yagi-Uda antenna satisfies these requirements while offering wide bandwidth. Relatively high directivity of the Yagi-Uda antenna was mitigated by the inclusion of two antennas in each WINeR-6 Rx. We designed a three-element Yagi-Uda antenna based on [32] , as shown in Fig. 2 .
B. RF Front End
In order to increase the wireless coverage of the experimental arena and eliminate blind spots, the Rx was equipped with two identical RF front ends, each with its own antenna. As shown in 1 , the FSK-TDM-PWM signal from the Tx was picked up by each antenna, and amplified/filtered independently through its parallel RF front end. Each path has an RF power detector (ADL5513), and depending on the strength of the received RF signal from each path, an RF switch connects the stronger one to the mixer. Depending on the size of the experimental arena, the wireless coverage can potentially be extended even further by increasing the number of antennas and parallel RF front-end paths.
Each RF front end consists of an RF-LNA (MAX2640) with a gain and noise figure of 15.1 and 0.7 dB at 400 MHz, respectively, followed by a gain stage (BGA2712) that provides an additional 24 dB amplification. The RF front end can provide up to 1.5 GHz bandwidth, while two passive third-order Chebyshev bandpass filters with 403-490 MHz bandwidth are placed before and after the gain stage to provide selectivity around the Tx signal and limit the out-of-band noise. The RF front end thus provides 45 dB gain and 87 MHz bandwidth.
C. Analog Signal Conditioning
The amplified and filtered FSK signal is fed into a mixer, which is a 50 MHz to 1 GHz quadrature demodulator with 75 MHz bandwidth (AD8348). The mixer has a built-in variable gain amplifier (VGA) that provides −18.5 to +25.5 dB programmable gain. The VGA output drives two (I and Q) double-balanced Gilbert cell down-conversion mixers, which down convert the RF signal to 43.5/56.5 MHz IF band. The IF-TDM-PWM signal is then further filtered and amplified in the baseband. To create a tunable local oscillator (LO) for the down converter, we have utilized a 720-1750 MHz VCO (V585ME41-LF) from Z-Comm (San Diego, CA, USA). The LO frequency is divided by two inside the mixer, resulting in its ability to receive RF frequencies in 360-875 MHz range.
IF amplifiers and filters improve the SNR by eliminating the out-of-band interference. AD4899-1 amplifier was chosen for this block because of its 300 MHz unity gain bandwidth, ultralow distortion, and low noise. Three instances of this amplifier have been implemented with a total IF gain of 46 dB. In order to reject all adjacent channels' interference, a bandpass filter (KR2850) from KR Electronics (Avenel, NJ, USA) has been included between the second and the third amplifiers. The filter has an 18 MHz bandwidth from 41-59 MHz and a 1 dB pass-band ripple.
The amplified and filtered IF-FSK signal is fed into a logarithmic limiting IF amplifier (AD8309) and a high speed comparator (TLV3501) with 4.5 ns delay. This stage recovers the rail-to-rail baseband FSK-TDM-PWM signal, which is then fed into an FPGA to be FM demodulated in the digital domain to recover the TDM-PWM signal.
D. FPGA Module
We used a COTS FPGA module, called Xylo-EM [33] , which includes an Altera FPGA (EP2C5T144C8), 2 MB of synchronous dynamic random access memory (SDRAM) for data buffering, and the USB interface circuitry. Although the absolute values of PWH and PWL vary with the instantaneous changes in the triangular waveform, the TDM-PWM duty cycle is relatively more stable and changes mainly with amplitude of the analog sample [28] . Thus, C2[14:0] was calculated inside the FPGA from PWH/(PWH + PWL) of the recovered TDM-PWM signal as a normalized value within 0 and 1 that is proportional to the analog sample. C2 passes through a noise filtering block, which removes the pulse widths that are too small or too large to eliminate sharp glitches. The demultiplexing block that follows is designed to detect the marker created from four monitoring signals (V REC /2, V BG , V T , and V SS ), which indicates the beginning of each TDM-PWM pulse frame. The pulse width following the monitoring signals is the sample taken from the first neural recording channel. In order to mark this channel for the BCI-2000, running on the computer, the demultiplexing block adds a flag to C3 [14:0] as its most significant bit (MSB) such that the MSB of the 16 bits digitized output, C4[15:0], would be "1" for the first channel and "0" for all other channels. 
2) Automatic Frequency Tracking (AFT):
Frequency stabilization components, such as PLL or crystals, were not used in the WINeR-6 Tx to reduce its size and power consumption [27] . As a result, the Tx carrier frequency varies with temperature, supply voltage, and to a lesser extent antenna loading variations. To compensate for these variations, digital AFT function was implemented in the Rx. Following TDC, the AFT block averages 500 IF-FSK periods, which are available from C1 [7:0] . The AFT tries to match the low-pass-filtered carrier period from TDC with a programmable reference period by changing the LO control voltage via a DAC. The AFT changes the LO frequency until the down-converted IF-FSK spectrum is centered at 50 MHz.
3) Continuous High-Throughput USB Interface: A USB 2.0 interface delivers a continuous stream of digitized neural data from WINeR-6 Rx to the computer in real time. A high-speed EZ-USB chip (Cy7C68013A) was chosen for its high throughput, programmability, reliability, and ease of use. The data rate in the 32-ch WINeR-6 system is in the order of 10 Mb/s for 640 kSps. When USB operates in the burst mode, the delays between successive USB data packets in the computer are quite unpredictable, varying from 100 μs to a few ms. To ensure continuous real-time recording without data loss, we have used a 2 MB SDRAM between the TDC and the USB interface blocks to buffer the incoming data. The EZ-USB chip is set to operate in the slave-FIFO mode, controlled by a master module implemented in the Altera FPGA. The USB control module in the FPGA manages data transfers between the SDRAM and USB. It writes the 16-bit data created in the TDC module into the SDRAM at the falling edge of every TDM-PWM pulse. In this module, the EZ-USB reads a 16-bit sample from the SDRAM into its internal 2056 Byte FIFO. Meanwhile, the EZ-USB chip continuously checks its own FIFO state, and when it is full, commits the data to the computer.
E. DAC Module
To assist users with visualizing and determining the quality of the incoming neural signals and to be compatible with some commercial hardwired neural recording back ends, WINeR-6 Rx includes a four-channel 16-bit DAC (AD5664R), which operates at 71.1 kSps. The clock, data, and enable signals for the DAC are generated by the same FPGA, which also allows users to select 3 out of 32 digitized and demultiplexed neural recording channels as inputs to the DAC. The DAC converts them into three analog signals that can be accessed independently through SMA connectors. In addition, one of these three analog signals can be selected and used to drive a 1-W audio amplifier with dc volume control (TDA7052A). The output of the audio amplifier drives an 8 Ω speaker, allowing users to identify the spike activity by how tit sounds. The first channel of the DAC is used in the AFC block, described in Section III-D.3.
F. GUI
BCI-2000
, an open-source piece of software for BCI research applications, displays the received neural signals on the GUI and saves them on the computer hard disk in real time [34] . It consists of four modules that communicate within each other, as shown in Fig. 4(a) . The "source" module receives data from the data acquisition device (WINeR-6 Rx), saves it, and sends it to the signal processing module. The "application" module is responsible for visualization on the computer screen. We have modified the source module to continuously receive the neural data from WINeR-6 Rx through the USB port. Fig. 4(b) shows the flowchart for data acquisition algorithm in the source module, which performs two important tasks. First, it detects the marker that indicates sampled data for the first channel and time-division demultiplexes the rest of the incoming data accordingly. While the program is running, the module waits for a predefined amount of data to arrive by saving it in a temporary memory space before arranging the samples. Second, the source module applies a simple postprocessing algorithm to compensate for some of the nonlinear characteristics of the ATC process on the Tx side. The triangular waveform generator (TWG) block in particular has nonlinear characteristics that can degrade the quality of the TDM-PWM signal. In a one-time calibration process, the nonlinear characteristics of the TWG block in each WINeR-6 ASIC can be measured and stored in the BCI-2000 to be applied to the incoming data from that ASIC before further signal processing.
The source module also receives a state vector from the "application" module and saves it in a file in * .dat format together with the organized raw data. The signal processing module is responsible for a wide range of functions from various filters to spike detection, classification, and information extraction, desired by the user, which are out of the scope of this paper. It will pass on anything that needs to be visualized on the GUI to the application module, which also visualizes the received neural signals on the computer screen, and generates the state vector to be fed back to the source module. In this way, the BCI-2000 software shows neural signals on the computer screen and saves them on the hard disk in real time. 
IV. BENCH-TOP MEASUREMENT RESULTS
The RF, analog, and DAC modules of WINeR-6 Rx were implemented on separate custom-designed printed circuit boards for electromagnetic isolation and shielding, as shown in Fig. 5 . They are carefully fitted in a 17.9 × 17.5 × 7.6 cm 3 aluminum enclosure along with the COTS FPGA module and SMA interconnects. The WINeR-6 Rx consumes 80 and 290 mA from -5 and 5 V supplies, respectively. The FPGA module is powered from the USB port. It has on-board 3.3 and 5 V regulators, which also power the DAC module.
A. Antennas
The WINeR-6 Rx was bench-top tested along with the threeelement Yagi-Uda antennas, designed based on specifications in Fig. 2. Fig. 6(a) shows the measured return loss of the antennas. Considering the effect of baluns, the 10 dB return loss of the fabricated antennas shows 54 MHz bandwidth, over the 424-478 MHz frequency range.
A loop antenna (3.5 × 2 cm 2 ) was designed for the WINeR-6 Tx, as shown in the lower right panel in Fig. 5 [35] . The vertical and horizontal radiation patterns of the WINeR-6 Tx are shown in Fig. 6(b) , which were measured in an outdoor open space to minimize external interference. The WINeR-6 Tx was placed in the center of the measurement area, and the received signal strength from the Yagi-Uda Rx antenna was measured at 1 m distance from the Tx. The Tx was manually rotated clockwise from 0
• to 360 • with 10 • increments. Fig. 6(b) shows that the WINeR-6 Tx antenna has maximum signal variation of 25 dB.
B. RF Front End
The S 11 and S 21 of the RF front end have been measured and depicted in Fig. 7 . The total RF gain for this block was 45 dB over 403-490 MHz range, which is matching in the center and slightly wider than the Yagi-Uda Rx antenna bandwidth.
C. Complete WINeR-6 Tx-Rx Operation
To test the entire WINeR-6 system (see Fig. 1 ) operation in a bench-top setting, an artificial spike waveform was played from a DAC (MP3 player), attenuated to 1 mV peak amplitude, and applied to all 32 input channels. The input signal was then amplified and filtered by the LNA block with 67.8 dB gain and 1 Hz -8 kHz bandwidth. The TWG output signal was adjusted at ±1.4 V and 640 kHz, setting the overall sampling rate of the WINeR-6 system. The TDM-PWM block compared the 32 LNA outputs and 4 monitoring signals with the TWG output, and the MUX organized the resulting PWM samples into frames of 36 pulses. In order to make sure that the TDM-PWM pulses were detectable on the Rx side, i.e., they were neither too narrow nor too wide, when the input was below -1.1 V or above 1.3 V, the ATC pulse width was kept constant by the PWM mask. This signal drove the on-chip MOS varactor of the hybrid LC-VCO, running at 428/441 MHz in the FSK mode.
The transmitted FSK-TDM-PWM carrier was picked up 1.5 m away from the WINeR-6 Tx by the Rx antenna. In the FPGA, the down-converted signal was FSK demodulated and digitized via TDC to 16-bit samples, which were buffered in the SDRAM and delivered to a computer through its USB port. Three out of the 36 channels were further converted to analog signals in the DAC module. The upper and lower traces in Fig. 8 are the LNA output on the Tx side and the corresponding DAC output on the Rx side for the same channel, respectively. The measured WINeR-6 latency from the LNA output of the Tx to the Rx DAC output was ∼1 μs.
Using the previous setup and bypassing the LNA block, the integral nonlinearity (INL) and differential nonlinearity (DNL) of the rest of WINeR-6 were measured as a wireless data acquisition system, combining ATC and TDC on the Tx and Rx sides, respectively. In this measurement, a constant voltage, generated by an Agilent 33250A function generator with 12-bit resolution was applied to the LNA output of ch-12. By varying the dc input from rail to rail, ±1.5 V, the increments in the 16-bit digitized value from the same channel were recorded on the Rx side, which was located 1.5 m from the Tx. Considering the PWM mask, a window between −1.1 and 1.3 V was selected to measure the DNL and INL, and the LSB size was set to 9.4 mV for 8 bit resolution. Fig. 9 shows the measured DNL and INL for the WINeR-6 prototype, which were within (−0.364, +0.444) LSB and (−0.468, +0.226) LSB, respectively.
In addition to the INL and DNL, a tone test was conducted by applying a 600 Hz sinusoidal waveform to ch-12 LNA output. The test results in Fig. 10 show a spurious-free dynamic range (SFDR) of 64.95 dB with a hardwired link. With a wireless link at 150 cm Tx-Rx separation, the SFDR was 58.86 dB. This measurement indicates that linearity performance of WINeR-6 has decreased by 6.1 dB because of the 150 cm wireless link. 
D. WINeR-6 Noise Performance
To analyze the noise contribution from different WINeR-6 blocks, noise measurement was performed in an unshielded laboratory environment in several configurations shown in Fig. 11 . In each case, we applied a fast Fourier transform on 20 s of the recorded signal in the computer to derive its spectrum and refer it back to the input. Fig. 11(a) shows the TDC noise measurement setup. Here, a series of pulses with 50% duty cycle were generated by a function generator and fed into the TDC block in the FPGA. We expected the TDC noise to be very small, but it should be noted that the measurement included the function generator phase noise as well, which was considered negligible. In Fig. 11(b) , the LNA outputs are forced to ground to cancel the LNA noise. Noise of the wireless link has also been bypassed by directly connecting the TDM-PWM signal from Tx to the TDC input on the Rx side through a high-speed digital isolator (ISO721). The setup in Fig. 11(c) is similar to the one in Fig. 11(b) except for the fact that the LNA noise has been included by grounding the LNA inputs. Finally, Fig. 11(d) shows the noise measurement setup for the entire WINeR-6 system. In all noise measurements, the LNA bandwidth was set to 200 Hz to 8 kHz, while the input referred noise was integrated over a wider range from 1 Hz to 10 kHz.
Using the setup in Fig. 11(d) (i.e. the entire system), we swept the Tx-Rx distance from 30 to 210 cm to observe the effect of Tx-Rx separation on the noise of the wireless link without shielding. The input referred noise amplitudes for these measurements are shown in Figs. 12 and 13. According to these graphs and our theoretical analysis in [28] , the noise from the wireless Rx is obviously the dominant noise source for the current 32-ch WINeR-6 system prototype, especially at large Tx-Rx separation. At the nominal Tx-Rx distance of 1.5 m, the effective number of bits is 8 bits considering the INL and DNL measurements in Fig. 9 . In addition, the measured Rx sensitivity was -65 dBm. Table I summarizes the key measured specifications of the entire WINeR-6 system. 
V. In Vivo EXPERIMENTAL RESULTS
To further evaluate the performance of the WINeR-6 system, we compared its overall performance to that of a commercial hardwired system, based on NSpike [36] , in a meaningful behavioral neuroscience experiment, in which action potentials were recorded from hippocampal pyramidal neurons of a rat as it completed laps on a relatively large circular track (∼1 m 2 ). The subject was a 15-month-old male Long-Evans rat, weighing approximately 550 g. This set of experiments was conducted with approvals from the Institutional Animal Care and Use Committees at the Georgia Institute of Technology and Emory University.
The rat was implanted with a chronic recording assembly that contained 32 tetrodes (bundle of four electrodes) targeted at the dorsal hippocampus. Further details can be found in [37] and [38] . The electrodes were connected to four 36-pin male Nanoconnectors from Omnetics (Minneapolis, MN, USA). In each of the four connectors, four lateral pins were used for grounding and reference, and the other 32 were connected to 8 out of 32 tetrodes. The WINeR-6 analog front-end bandwidth for this experiment was set to 400 Hz-8 kHz with a total gain of 8000 for recording single-neuron action potentials, similar to the settings for the NSpike system. The experiment was carried out in a circular track with an outer diameter of 91.4 cm and width of 7.6 cm, as shown in Fig. 14 , which was setup in a small shielded cubicle. During the test, the rat completed two sessions of 40 laps each, in which video and neural data were recorded with both systems. The rat was rewarded for completing each lap with a small piece of chocolate.
To provide sufficient wireless coverage, four antennas from two WINeR-6 receivers were mounted on stands made of PVC pipes, and positioned roughly at 3, 6, 9, and 12 o'clock slightly Fig. 15 . Synchronization between two WINeR-6 Rxs, each of which has two antennas, with a push button as well as a video stream, using an optical cue. above the circular track in order not to miss any neural signal during the experiment due to fading. The two WINeR-6 Rxs and associated computers were placed outside the cubicle. Fig. 15 shows the operating diagram of the dual-Rx solution. When two receivers record the same neural signals from a single WINeR-6 Tx, the data need to be synchronized by indicating the same marker signals in both recorded data streams. For this purpose, a predefined marker was generated in the master FPGA when a push button was pressed. This marker signal was then transferred to the master BCI-2000, and easily distinguished from the digitized neural signals. A similar marker signal was generated in the slave FPGA at the same time and sent to the slave BCI-2000. Fig. 16 shows a snapshot of 32 neural recording channels which was shown in real time on one of the two BCI-2000 GUIs. A similar WINeR-6 configuration could be used to simultaneously record neural signals from multiple animal subjects in the same experimental arena in a socially relevant context, provided that their Tx-Rx pairs were tuned at different center frequencies.
The exact same experiment was repeated with the same animal and the same electrode positions using the hardwired NSpike system, for which sampling rate, gain, and bandwidth were adjusted to be very close to that of the WINeR-6 system. A video camera was mounted above the track to record the rat position in synchrony with the neural recording. The video frames were synchronized with the neural data from WINeR-6 by flashing the LED, shown in Fig. 15 , as an optical cue.
After completion of the data recording phase, spike classification was conducted on both wireless and hardwired datasets using the Offline Sorter software from Plexon (Dallas, TX, USA) in order to isolate activity from individual neurons. Fig. 17(a) and (b) shows spike waveforms across four channels (wires) of the same tetrode, activity from what was thought to be the same pyramidal neuron recorded during the WINeR-6 (wireless) and NSpike (hardwired) sessions, respectively. After classifying putative single neurons, the spike firing location for the best isolated units were marked on the circular track by synchronizing the timing of the spiking activity with the rat location on the recorded video data.
Many pyramidal neurons in the dorsal rat hippocampus, termed place cells, show location-specific activity, and the location at which the greatest firing rate of an individual neuron occurs is often referred to as its place field [39] . Fig. 18 shows a place field plot for a place-cell recorded during both recording sessions. Brighter colors indicate a higher firing rate, and gray colors show the overlapping trajectories of the rat as it completed laps on the circular track. Based on the similar spatial selectivity of the place fields in both plots and similar firing rates, the results suggest that the WINeR-6 wirelessly recorded data are similar to that of the hardwired recording setup (gold standard) in an experiment with a rat freely behaving in a 1-m 2 arena. The results illustrate the feasibility of the WINeR-6 system as a substitute for hardwired systems in behavioral neuroscience experiments. The lower SNR of the WINeR-6 system, which is also noticeable in Fig. 17 classified single-neuron waveforms, has resulted in lower concentration of the place cell firing around the peak in Fig. 18 . 
VI. CONCLUSION
We have presented a complete high performance multichannel WINeR system with emphasis on the Rx side. WINeR-6 architecture offers 18 MHz RF bandwidth and high data throughput all the way from the neural tissue to the computer for real-time electrical, visual, and acoustic representation of 32 simultaneously recorded channels. A significant feature of the WINeR-6 system, which has been demonstrated in a real behavioral neuroscience experiment on an awake freely behaving small animal subject (rat), is its ability to provide wireless coverage over a large experimental arena (>1 m 2 ) without losing data or leaving any blind spots, while keeping the Tx power consumption, the SNR, and resolution of the entire system at a reasonable level. Utilization of the TDM-PWM method to simplify the Tx, multiple custom-designed high gain antennas, automatic Tx carrier frequency tracking, high-resolution FPGAbased FSK demodulation, and TDC are some of the techniques that have significantly improved WINeR-6 performance compared to systems with similar complexity and power consumption. We are now working to further improve the WINeR system resolution, noise performance, and power consumption to be wirelessly powered inside a smart experimental arena, known as the EnerCage [27] , [40] .
